Abstract--The sequence of mineral reactions involving zeolites and other authigenic phases in tuffaceous sedimentary rocks can be explained by growth-and dissolution-reaction kinetics. Kinetic factors may determine the specific authigenic phases which form and the temporal and spatial constraints on the solution composition during irreversible dissolution and growth reactions in glass-bearing rocks. The glass phase generates a high level of supersaturation with respect to a variety of aluminosilicates in the pore fluid. The sequence of assemblages formed during a series of metastable reactions resembles an Ostwald step sequence. Metastable reactions occur because formation of less stable phases such as gels, clays, and disordered zeolites may lower the total free energy of the glass-bearing system faster than the growth of the stable assemblage including ordered feldspars, quartz, and micas. Eventually, after a series of steps, the most stable silicate assemblage for the bulk composition, temperature, and pressure may form. However, the formation of intermediate metastable phases can delay the attainment of equilibrium by as much as tens of millions of years.
INTRODUCTION
Of all geochemical systems, chemical equilibrium between fluids and mineral phases is least likely to be attained in sedimentary rocks containing volcanic glass. Observations of mineral parageneses in glassbearing sediments provide an excellent example of the effects of nonequilibrium conditions on the chemical evolution of rocks undergoing diagenesis and burial metamorphism. Once the effects of reaction kinetics on the mineral assemblage are determined for glass-bearing rocks, conclusions about rate processes for other water/rock interactions may be reached.
Zeolites are some of the most common authigenic and metamorphic minerals formed in glass-bearing rocks. The paragenesis of zeolites in tuffaceous sediments deposited in saline, alkaline lakes has received the most detailed attention (Hay, 1977; Surdam and Sheppard, 1978) . Concern about whether zeolites in these rocks represent metastable phases formed under nonequilibrium conditions or stable assemblages in equilibrium with pore solution has been paramount (Hay, 1966; Surdam and Parker, 1972; Surdam and Sheppard, 1978) .
In this paper, we briefly examine the general thermodynamic and kinetic constraints that influence glass dissolution and mineral-growth reactions. Observations of natural systems are used to illustrate the nonequilibrium processes that influence reaction paths in glass-bearing systems. The controls of dissolution and Copyright 9 1981, The Clay Minerals Society growth kinetics on reaction paths are examined, and a general kinetic model for zeolite and clay mineral paragenesis in tuffaceous rocks is proposed. The kinetic model accounts for the general decrease in abundance of zeolites and clay minerals and the increase in feldspars in sedimentary rocks with time.
THE IRREVERSIBLE REACTION COUPLE
A fundamental principle relating to solid/fluid reactions is that no bulk thermodynamic equilibrium state can be attained during the process of crystallization of one phase coupled with the dissolution of another (Dibble and Tiller, 1981) . The total driving force or departure from equilibrium necessary for the growth of one solid at the expense of another, AGrxn, is related to the difference in solubilities of the two solid phases. The real activities of components in solution at both the solid/fluid interface and in the bulk solution will depend on the magnitudes of driving forces for the following: interface-detachment or -attachment kinetics, AGk; solution transfer, AGs; and surface processes not related to detachment or attachment, AGE (Dibble and Tiller, 1981) .
Without an understanding of interface-controlled reaction kinetics, it is not possible to predict accurately the activities of components in the bulk solution during silicate alteration reactions, or to determine precisely the control the bulk solution composition has on the phases that form (Dibble and Tiller, 1981) . For exam-pie, if solute transport controls the irreversible dissolution of an unstable phase such as glass (fast kinetics) but the growth of the alteration products is controlled by interface attachment (slow kinetics), then the solution composition will reflect mainly the solubility of the glass for equal areas of glass and alteration products. On the other hand, if the relative order of reaction rates were reversed such that alteration products grow much faster than host phases dissolve, the bulk solution composition will be determined chiefly by the solubilities of the alteration products (Berner, 1980 ). An intermediate, general case is illustrated in Figure 1 .1 Reactant and product phases constitute a reaction couple as shown in Figure 1 . The source phase dissolves supplying components which diffuse down the free energy gradient in the reactant-solute diffusion boundary layer (Ss r) to the bulk solution. The product phase is a sink of components which diffuse down the free energy gradient in the product-solute diffusion boundary layer (Ss p) from the bulk solution. The quantities Kso r and Ksp p represent the equilibrium solubility products for reactants and products, respectively. The quantities Qint and Q are the real activity products in the fluid at the interface and in the bulk fluid, respectively.
The values of Qint and Q for both reactant and product phases depend on many factors such as flow rates and interface-attachment or -detachment parameters. Many details of each dissolution and growth reaction must be known to predict the composition of the bulk fluid (Figure 1 ) accurately during the dissolution of unstable phases coupled with the growth of more stable minerals. Changing the thermodynamic and/or kinetic constraints on either one or both halves of the reaction couple can affect the overall reaction path. However, for a mathematically linear system, a simple superposition of the effects for many different reactant and product phases following the formulations of Dibble and Tiller (1981) is sufficient to describe the time-varying dissolution and growth velocities of the phases plus the concentration excursions of the fluid.
The thermodynamic constraints on mineral-growth reactions (right side of Figure 1 Figure 1 . The free energy driving each dissolution reaction, AG r, and each growth reaction, AGP, during the irreversible formation of products from reactants is a function of the thickness of the diffusion boundary for the reactant, 8rs, and product, 8Ps, phases, respectively. The free energy of the system decreases with increasing distance, x, from the reactant/solution interface (see Dibble and Tiller, 1981) . Kso is the equilibrium solubility product for reactant, r, or product, p. Qlnt and Q are the ion-activity products in the fluid at the interface and in the bulk fluid, respectively. The bulk solution is represented between the solute diffusion boundary layers, 8s, which can range from tens to thousands of micrometers thick depending on flow rates. net growth rate of alteration products, the bulk solution may become supersaturated with respect to many aluminosilicates because of the high glass solubility relative to stable products. The thermodynamic constraints, in this case, require a large departure from equilibrium in glass-bearing systems. Whether or not the most stable aluminosilicates grow under conditions of high supersaturation caused by irreversible glass dissolution is a problem of interface-controlled reaction kinetics.
Thus, the qualitative thermodynamic constraints on glass/water interactions suggest that glass dissolution may generate large supersaturations with respect to many phases. Alteration products formed during glass dissolution constitute one half of a reaction couple and, therefore, indicate the relative levels of supersaturation that are generated by the other half of the couple. For example, formation of aluminosilicate gels (Eugster and Jones, 1968; Mariner and Surdam, 1970) indicate that high general levels of supersaturation relative to stable phyllosilicates and perhaps ordered feldspars may be generated by glass dissolution. Likewise, precipitation of noncrystalline silica or opal signifies that a high supersaturation with respect to quartz is produced and may reflect generally high supersaturation with respect to other stable silicates. The specific phases and the temporal and spatial constraints on the solution composition which result from steady-state, Jr-reversible dissolution and growth reactions are determined by kinetic factors to be discussed below. Figure 1 illustrates that the local, interface-solution composition may determine the nature of precipitated minerals rather than the bulk solution composition. The bulk solution composition affects the phases formed during glass dissolution only if the bulk pore solution is a source or sink of components. Assuming that the source of components is glass and that the sink is the immediate surrounding product with a fluid phase between them, the bulk pore solution outside the source glass/reaction-product couple need not influence the reaction path because the subsystem containing the reaction couple and local fluid phase may be effectively closed. The mineral assemblage formed will be affected if the bulk pore solution outside the reaction couple is a sink (open system, high flow rates) or source of components. Examples are the crystallization of abundant smectite from glass in an open system (Hay and Sheppard, 1977) or the crystallization of analcime from other zeolites in an NaCI solution of high ionic strength (Surdam and Sheppard, 1978) . In the former system, the bulk solution is a sink for components which can be transported away if the flow rates are much greater than rates of reaction forming stable or metastable products. In the latter example, the pore fluid may be a source of Na for analcime crystallization. Figure 1 illustrates a case where the diffusion-boundary layers of reactant and product phases do not overlap. Where the diffusion-boundary layers overlap, higher supersaturation with respect to all possible products results (Dibble and Tiller, 1981) . Thus, the proximity of alteration products to glass surfaces can indicate which phases grow consistently under conditions of highest supersaturation with respect to stable phases. Also, alteration-mineral parageneses and regional zoning patterns can indicate the general level of supersaturation with respect to stable products as a function of both time and distance.
NONEQUILIBRIUM AUTHIGENESIS
Small-scale zoning of secondary phases around glass shards is common in altered tufts (Sheppard and Gude, 1973, p. 30) . Typically, clay minerals (or, less commonly, gels) form early around glass shards in closed systems. Early-formed clays consistently occur at the innermost zone near the glass, whereas later-formed zeolites may fill shard cavities farther from the glass surface (Sheppard and Gude, 1968 , 1969 , 1973 .
In well-flushed, open systems, the supersaturation of components relative to many phases, 2xGrx,, could be small or even less than zero some distance from the glass/solution interface. In such environments, mobility of several components is possible, and production of abundant zeolites is unlikely far from glass surfaces. However, supersaturation with respect to several product phases may still be large close to the glass surface.
In fact, because of the proximity of growth to glass surfaces, clay minerals commonly form pseudomorphs of glass shards even in open systems (Khoury and Eberl, 1979) .
Similar observations of a close spatial association between clay minerals and glass have been made in glass/water interaction experiments at elevated temperature and pressure (Guillemette et al., 1980; Potter, 1981) . Under a variety of conditions in glass-bearing systems, clay minerals tend to occupy a geochemical "niche" located close to glass surfaces; whereas, zeolites commonly occur farther from the glass/solution interface. Observations of fine-scale zoning of smectite and zeolites around glass shards (Sheppard and Gude, 1973) suggest that clay minerals form early in regions of maximum supersaturation with respect to stable phases, and nonanalcimic zeolites crystallize in regions of lower supersaturation and probably later in time.
The regional zoning of clays, zeolites, and feldspars in tuffs follows a pattern similar to the fine-scale zoning sequence discussed above. Similar zonal distributions ofzeolites and clays repeatedly occur in ruffs deposited in saline, alkaline lakes, in bydrothermally altered tufts, and in tuffaceous sediments subjected to burial metamorphism (Hay, 1977) . In glass-bearing rocks near lake margins, authigenic reaction products are commonly clays and nonanalcimic zeolites (Surdam and Sheppard, 1978) . Abrupt changes in zeolite parageneses occur farther from lake margins and have been attributed to the disappearance of the glass phase. For example, the transition from alkali zeolite assemblages to analcime-and/or feldspar-beating assemblages seems to occur in a zone where the glass shards have been totally dissolved (Sheppard and Gude, 1968 , 1969 , 1973 . At Shoshone, California, chabazite and phillipsite occur near the fresh glass-zeolite zone boundary in the Pleistocene Lake Tecopa beds and are associated with abundant relict glass. Anatcime, however, occurs near the zeolite-potassium feldspar zone boundary where glass does not exist. Petrographic studies of Sheppard and Gude (1968) indicate that the potassium feldspar and searlesite formed from a zeolite precursor rather than directly from glass.
Similar zonal patterns and parageneses in tuffs of the Big Sandy Formation led Sheppard and Gude (1973) to conclude that dissolution of silicate glass by pore solution provided the materials necessary for authigenic zeolite crystallization with the exception of analcime. Analcime formed later from the dissolution of pre-existing zeolites after glass dissolution was completed. Feldspars forming from analcime or other zeolites near the centers of hydrographically closed lake basins or after long time periods have been noted by Gude (1968, 1969) and Surdam and Parker (1972) . Feldspars have never been found to co-exist with glass (Surdam and Sheppard, 1978) .
The observations summarized above suggest that the overall process of tuff alteration involves reactions of metastable phases with solutions which occur in a series of irreversible steps. Clays and gels form in regions and during times of maximum supersaturation with respect to more stable phases generated by relatively rapid glass dissolution. Alkali zeolites, on the other hand, crystallize in regions of intermediate to high supersaturation possibly after glass dissolution rates have diminished. Analcime and feldspars grow in regions of lowest supersaturation, after all glass has disappeared, and at the expense of previously formed clays and, "olites.
The pore-fluid composition influences both the thermodynamic stability of alteration minerals and the rates of reaction. However, as illustrated in Figure 1 , in the presence of glass, the pore solution may become supersaturated with respect to many product minerals regardless of the initial pH and ionic strength. The effect of pore-solution chemistry on reaction rates is critical for glass-bearing systems.
The increase in rates of alteration of tuff with increase in pH and ionic strength is well known (Hay, 1966; Mariner, 1971) . Pore-fluid compositions in sediments in closed, alkaline, saline-lake basins commonly vary from near-neutral pH and low ionic strength at the lake margins to higher pH and ionic strength near the center (Surdam and Sheppard, 1978) . Therefore, glass will persist for longer times at the periphery of lake basins where reaction rates tend to be lowest (Surdam and Sheppard, 1978) . As a result, minerals which form preferentially near glass such as clays and nonanalcimic zeolites can dominate the alteration assemblage near lake margins. On the other hand, near the centers of lake basins in regions of high pH and ionic strength, glass-alteration reactions will proceed more rapidly leading to lower levels of supersaturation after shorter times. Complete dissolution of glass will also occur after shorter times, and, consequently, analcime and feldspars can crystallize earlier. Thus, the zonal patterns of alteration assemblages observed in vitric tuffs may result predominantly from the effect of pore-solution chemistry on reaction rates.
In summary, the alteration of glass may produce metastable phases owing to high levels of supersaturation with respect to the most stable minerals. Postulated metastable phases include aluminosilicate gels, smectites, and open-structure, disordered, 2 alkali zeolites. Early-formed phases are later transformed via dissolution and growth reactions to more stable tectosilicates (ordered analcime and feldspars) and phyllosilicates (illite and chlorite, see Tank, 1972; Milton, 1971) . As reaction rates increase, due to changes in solution chemistry, temperature, and pressure, the more z For a discussion of order/disorder in zeolites, see Gottardi (1978) . stable phases may be produced in less time. The question remains why more stable phases do not grow initially, whereas metastable phases precipitate ubiquitously. An answer to this question requires an understanding of some aspects of dissolution and growth kinetics.
DISSOLUTION AND GROWTH KINETICS
The most thermodynamically stable phases may not nucleate and grow, hence, they may not appear in authigenic assemblages under conditions of high supersaturation created by glass dissolution. In systems supersaturated with respect to several aluminosilicates, reactions tend to occur that lead to the most rapid decrease in the supersaturation or total free energy of the system, and most phases that form early are those with high growth rates. Thus, under conditions which thermodynamically favor the growth of several minerals, only those having high growth rates may dominate the initial mineral assemblage. Therefore, the crystallization sequence during tuff diagenesis will probably be controlled by growth kinetics.
The minerals with inherently sluggish growth kinetics may not occur in early-formed assemblages. From the observations of natural parageneses, the phases with high growth rates seem to be the least stable thermodynamically. For example, early-formed phases are noncrystalline aluminosilicates, noncrystalline silica, disordered smectites, and disordered zeolites (all nonanalcimic, alkali zeolites in saline lake environments are disordered according to Gottardi, 1978) . The phases growing under conditions of reduced supersaturation after the glass disappeared are commonly more ordered (analcime, feldspars, iltite, chlorite). The irreversible series of reactions forming more-stable, ordered minerals from less-stable, disordered phases strongly resembles an Ostwald step sequence. Such a series of metastable reactions in the formation of illite has been noted by Eberl and Hower (1977) .
The Ostwald step rule states that the most likely phase to form may not be the most stable thermodynamically (Fyfe and Verhoogen, 1958) and that equilibrium will be gradually approached through a series of irreversible steps. The step rule is probably better defined in terms of growth kinetics. In a system supersaturated with respect to many solids, the phase which dominates the initially-formed assemblage will be the one which grows the most rapidly at a given temperature and pressure. This does not imply that other solids cannot grow as well. The fastest growing silicate contains the largest mass of network-forming components (SiO2, A1203) after a given reaction duration. Other phases with the same components but with slower growth rates may simply not be observed in the same interval of time. In addition, by rapidly removing network-forming components from solution, possibly close to the reactant surface, the phase with the fastest growth may suppress the formation of other, more stable silicates. The key to explaining the Ostwald sequences of reactions is an understanding of the differences in interface-reaction kinetics between soluble and much less soluble solids (Dibble and Tiller, 1981) . For example, soluble salts such as most evaporite minerals are characterized by rapid interface-attachment kinetics (Berner, 1980) . Because interface reactions are so rapid for soluble salts, growth and dissolution rates are commonly controlled by solute-transport kinetics. On the other hand, the dissolution of most sparingly soluble minerals is controlled by interface-detachment kinetics (Dibble and Tiller, 1981) , and the reaction rates of most silicate/water interactions are, consequently, significantly lower.
The growth rate controlled by interface reactions is given by an expression based on a kink-site attachment model (Dibble and Tiller, 1981) :
where Vg is the growth velocity, k is a rate constant, R is the gas constant, and T is the temperature. The quantity AGk is that part of the total free energy for growth, AGP, which drives the process of attachment of molecules to the interface. The rate constant, k, is an exponential function of the free energy of formation of the activated kink-site complex, AGA* (activation free energy), and is inversely related to some surface-attachment parameters such as the distance between kink sites (kink spacing), x0,
Inasmuch as the growth velocity, Vg, is inversely related to the kink spacing, a large x0 value given by the following relation (Dibble and Tiller, 1981) means the Vg value of Eq. (1) will be small:
where AHk is the enthalpy of formation of a kink site and h is the lattice spacing in the direction of kink-site motion. The quantity, AHk, depends on the magnitude of the broken-bond energy, e,, in the direction parallel to the ledge; and e,, in turn, is a fraction of the enthalpy of solution, AHs. Qualitatively, the ratio E,/AHs is proportional to the area of the kink molecule exposed to the solution in a direction parallel to the edge compared to the total area of the molecule if it were completely surrounded by solution. For example, ifa simple cubic crystal has nearest-neighbor bonds only and each molecule can be considered a small cube with 6 equal faces, then a kink would present I/6 of its maximum possible contact area to the fluid in a direction parallel to the ledge. In this simple case, AHk -AHJ6. Therefore, the smaller the solubility, the larger is AH~ and, consequently, AHk. Thus, the least soluble minerals probably have the smallest rate constants on the basis of kink spacing, and this may be an explanation of the Ostwald step rule.
Other parameters, such as AGA*, AGk, and nucleation kinetics, may also vary depending on the solubility of the solid but have not been thoroughly evaluated. Consequently, the step rule is still an empirical, albeit useful, observation for the purpose of the kinetic model discussed. For example, a model for the paragenesis of zeolites and other authigenic minerals forming in glassbearing rocks can be constructed based on a series of reactions resembling a classic Ostwald sequence.
KINETIC MODEL OF ZEOLITE PARAGENESIS
A kinetic model for the paragenesis of authigenic silicates in tuffaceous sediments is summarized schematically in Figure 2 , which illustrates qualitatively the relationship between the departure from equilibrium and the reaction time. The quantity ]AG~rxnl can be correlated with the supersaturation with respect to the most stable authigenic aluminosilicates. The shape of the curve indicates the postulated integrated effects of the stepwise series of metastable reactions on the driving force leading to the formation of phase ct. The real functional relationship between the reaction driving force and time is unknown, although it could be estimated for a well-defined set of conditions and parameters. Figure 2 presents graphically the premise that no state of thermodynamic equilibrium (AG~rxn = 0) can be attained during the coupled irreversible reaction between unstable phases and solids of greater stability. Metastable phases of greatest solubility generate the largest supersaturations with respect to the most stable minerals containing the same components. The supersaturation depicted in Figure 2 becomes zero only after all metastable phases disappear and equilibrium with bulk solution is attained.
As indicated by Figure 2 , glass dissolution may maintain I AG~rxn I above $2 and several nonanalcimic zeolites may form. At very high levels of supersaturation (greater than $3 in Figure 2 ) with respect to the most stable phases such as ct, the solution may become supersaturated with respect to smectites or even aluminosilicate gels. Below I AG~rxn[ values represented by $2 but above S, (glass absent), analcime may crystallize at the expense of pre-existing metastable phases. Feldspars and/or phyllosilicates may crystallize at the expense of all pre-existing phases after [ AG~rx, I values drop below S,. Crystallization ceases after equilibrium with pore solution is attained. Figure 2 is consistent with an Ostwald step sequence in which least stable phases form first at the highest supersaturation with respect to the most stable phases, and the stable phases crystallize last. The model is also consistent with the relative levels of supersaturation deduced from observations described above.
The time scale in Figure 2 is consistent with the ages of tuffaceous rocks containing the various authigenic assemblages (Sheppard and Gude, 1968 , 1969 , 1973 Surdam and Parker, 1972) . However, the time scale must be adjusted depending on the initial pH and salinity of the pore fluid in a closed system. For higher pH and higher salinity pore fluids, the overall time scale must be adjusted to account for higher dissolution and growth rates. An assumption regarding constant temperature and pressure is inherent to the model; however, higher temperatures will increase the reaction rate, and the time scale can be adjusted.
In this model, the dissolution of glass at rates much greater than the growth rates for authigenic minerals such as feldspars and analcime causes the pore solution to attain supersaturation with respect to less stable phases such as one or more of a variety of disordered alkali zeolites (mordenite, clinoptilolite, chabazite, erionite, phillipsite). Early in the process of glass alteration, even the growth of siliceous, alkali zeolites is probably not sufficient to decrease I/XG~xn I values, and smectites and gels may form at the highest levels of supersaturation close to the glass/solution interface. The first observable phases to form around glass shards are clay minerals (or, rarely, aluminosilicate gels, Mariner and Surdam, 1970) which evidently grow at rates greater than or equal to maximum glass dissolution rates.
Once highly unstable sols, gels, and disordered smectites have precipitated, the supersaturation, t AG'~rxn 1, may drop when the growth rate of these phases exceeds glass dissolution rates. As indicated in Figure 2 , the growth duration of the least stable phases may be short, i.e., hundreds of years. The later growth of siliceous, alkali zeolites may cause further reduction in supersaturation. However, both clay minerals and zeolites tend to form and persist in the presence of glass (Sheppard and Gude, 1968 , 1969 , 1973 . The nonanalcimic zeolites can persist for tens of thousands of years or more depending on reaction rates limited by initial pore-solution chemistry.
The complete dissolution of glass causes a fundamental change in the authigenic mineral assemblage. High supersaturation cannot be maintained, and the early-formed, least-stable phases may dissolve. However, the dissolution of each metastable phase provides the source of components for the growth of another. In the systems considered, analcime commonly crystallizes at the expense of all previously-formed phases, but it may require hundreds of thousands of years to crystallize in sedimentary environments.
After nucleation and growth of feldspars, the supersaturation decreases further, and analcime may become unstable. The feldspar-growth range of Figure 2 can be divided into ordered and disordered regions having ordered feldspars forming at lower supersaturation and at longer times. It is probable that disordered feldspars form under conditions of higher supersaturations associated with dissolution of unstable phases such as alkalic zeolites and/or analcime. As indicated in the figure, the formation of ordered feldspars, particularly aibite, may require a reaction duration of up to tens of millions of years (Surdam and Parker, 1972) even though the system may have been greatly supersaturated with respect to feldspars during this period. As implied by the high level of supersaturation with respect to feldspars maintained by glass dissolution and subsequently-formed alkalic zeolites, feldspar crystallization may be suppressed over a very long time. The extremely sluggish growth kinetics of stable aluminosilicates at low temperatures becomes evident when considering this model and the empirical evidence.
SUMMARY AND CONCLUSIONS
The model for the formation of authigenic silicates in tuffaceous rocks presented in this paper is consistent with an Ostwald series of metastable reactions resulting from high supersaturations generated by glass dissolution. The kinetic controls operate to delay the attainment of equilibrium by imposing a series of metastable reactions on the overall reaction path. Such metastable reactions occur because formation of less stable phases can lower the total free energy of the system faster than growth of the stable phase assemblage. The relative rates of growth of different authigenic silicates are determined by as yet poorly understood aspects of interface-attachment kinetics.
The model accounts for the decrease in abundance of zeolites and clays and increase in feldspars in sedimentary rocks with time. The sequence of reactions described implies that clay and zeolite minerals may not be the most stable thermodynamically in many tuffaceous rocks in agreement with the study of Kastner and Siever (1979) and the conclusions of Hay (1966) . The model also has important implications for diagenetic and low-temperature metamorphic reactions. Attainment of equilibrium at constant temperature and pressure may be significantly delayed by the growth of intermediate, metastable minerals. The time to reach equilibrium may be increased drastically, perhaps from a few thousands of years in the system where the most stable assemblage forms directly, to tens of millions of years in the system where the growth of intermediate metastable minerals prevails.
